APPENDIX D

Partition Coefficients For Cesium



Appendix D
Partition Coefficients For Cesium

D.1.0 Background

Three generalized, ssimplifying assumptions were established for the selection of cesium K values
for the look-up table. These assumptions were based on the findings of the literature reviewed
we conducted on the geochemical processes affecting cesium sorption. The assumptions are as
follows:

» Cesium adsorption occurs entirely by cation exchange, except when mica-like minerals are
present. Cation exchange capacity (CEC), a parameter that is frequently not measured,
can be estimated by an empirical relationship with clay content and pH.

e Cesium adsorption onto mica-like minerals occurs much more readily than desorption.
Thus, K, values, which are essentially aways derived from adsorption studies, will greatly
overestimate the degree to which cesium will desorb from these surfaces.

»  Cesium concentrations in groundwater plumes are low enough, less than approximately
10 M, such that cesium adsorption follows a linear isotherm.

These assumptions appear to be reasonable for a wide range of environmental conditions.
However, these smplifying assumptions are clearly compromised in systems with cesium
concentrations greater than approximately 10’ M , ionic strengths greater than about 0.1 M, and
pH values greater than about 10.5. These assumptions will be discussed in more detail in the
following sections.

Based on the assumptions and limitation described above, cesium K, values and some important
ancillary parameters that influence cation exchange were collected from the literature and
tabulated. Dataincluded in this table were from studies that reported K, values (not percent
adsorbed or Freundlich or Langmuir constants) and were conducted in systems consisting of :

Low ionic strength (< 0.1 M)

pH values between 4 and 10.5

Dissolved cesium concentrations less than 107 M
Low humic material concentrations (<5 mg/l)
No organic chelates (e.g., EDTA)

The ancillary parameters included in these tables were clay content, mica content, pH, CEC,
surface area, and solution cesium concentrations. This cesium data set included 176 cesium K
values.
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Two separate data sets were compiled. The first one (see Section D.3) included both soils and
pure mineral phases. The lowest cesum K, value was 0.6 ml/g for a measurement made on a
system containing a soil consisting primarily of quartz, kaolinite, and dolomite and an agueous
phase consisting of groundwater with arelatively high ionic strength (1 = 0.1 M) (Lieser et al.,
1986) (Table D.1). The value is unexplainably much less than most other cesium K, values
present in the data set. The largest cesium K, values was 52,000 ml/g for a measurement made on
apure vermiculite solid phase (Tamura, 1972). The average cesium K, value was 2635 +

530 mi/g.

TableD.1. Descriptive statistics of cestum K data set including soil and pure mineral

phases. [Dataset is presented in Section D.3.]

Ky (ml/g) | Clay | Mica | pH CEC Surface Area

%) | (%) (meg/100 g) (m?/g)
Mean 2,635 30 5.5 1.4 30.4 141.3
Standard Error 530 3.8 0.7 0.1 3.7 29.7
Median 247 42 4 8.2 4.8 31.2
Mode 40 42 4 8.2 18 17.7
Standard Deviation 7055 15 4.4 1.7 374 230.4
Sample Variance 49,781,885 | 226 | 20.0 | 28 1,396.9 53,106
Range 51,999 38 13 7.8 129.9 638
Minimum 0.6 4 2 24 0.00098 8
Maximum 52,000 42 15 10.2 130 646
No. Observations 177 15 41 139 103 60
Confidence Leve 1,046.6 8.3 14 0.3 7.3 59.5
(95.0%)
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A second data set (see Section D.4) was created using only data generated from soil studies, that
is, data from pure mineral phases, and rocks, were eliminated from the data set. Descriptive
statistics of the soil-only data set are presented in Table D.2. Perhaps the most important finding
of this data set is the range and median® of the 57 K values. Both statistics decreased
appreciably. In the soil-only data set, the median was 89 ml/g. The median is perhaps the single
central estimate of acesium K, value for this data set. The range of K, values was from 7.1 ml/g,
for a measurement made on a sandy carbonate soil (Routson et al., 1980), to 7610 ml/g for a
measurement made on another carbonate soil containing greater than 50 percent clay and silt
(Serneet al., 1993). Interestingly, these 2 soils were both collected from the U.S. Department of
Energy’ s Hanford Site in eastern Washington state.

TableD.2. Descriptive statistics of data set including soils only. [Data set is presented

in Section D.4.]
Cesum | Clay | Mica | pH CEC Surface Area
Kq (%) | (%) (meq/100g) (m?/g)
(ml/g)

Mean 651 5 5.6 6.9 34 57.5
Standard Error 188 0.6 0.6 0.3 8.9 134
Median 89 5.0 4 6.7 20 60
Mode 22 NA 4 4.0 60 70
Standard Deviation 1423 1.0 4.3 1.9 29.5 44.6
Sample Variance 2026182 | 1.0 18.4 3.6 870 1986
Range 7602 20 13 7.8 57.4 1234
Minimum 7.1 7.1 2 24 2.6 6.6
Maximum 7610 6.0 15 10.2 70.0 130
No. Observations 57 3 45 55 11 11
Confidence Level (95%) 378 25 1.29 0.5 19.8 30

1

magnitude, lie on each side.
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The median is that value for which 50 percent of the observations, when arranged in order of




The soil-only data set was frequently incomplete with regard to supporting data describing the
experimental conditions under which the cesium K, values were measured (Table D.2). Quite
often the properties of the solid phase or the dissolved cesium concentration used in the K,
experiments were not reported. For instance, there were only 3 cesium K values that had
accompanying clay content data, 11 cesium K, values that had accompanying cation exchange
data, and 11 cesium K, values that had accompanying surface area data (Table D.2).
Consequently, it was not possible to evaluate adequately the relationship between cesum K
values and these important, independent soil parameters. Thisis discussed in greater detail below.

D.2.0 Approach and Regression Models
D.2.1 Correlationswith Cesium K, Values

A matrix of the correlation coefficients for the parameters included in the data set containing K4
values determined in experiments with both soils and pure mineral phasesis presented in

Table D.3. The correlation coefficients that are significant at or less than the 5 percent level of
probability (P < 0.05) are identified with afootnote. The parameter with the largest correlation
coefficient with cesum K, was CEC (r = 0.52). Also significant was the correlation coefficient
between cesium K, values and surface area (r = 0.42) and CEC and clay content (r = 0.64). The
poor correlation between cesium agueous concentration ([Cs],,,) and cesium K, values can be
attributed to the fact that the former parameter included concentration of the solution prior and
after contact with the soils. We report both under the same heading, because the authors
frequently neglected to indicate which they were reporting. More frequently, the spike
concentration (the cesium concentration prior to contact with the soil) was reported, and this
parameter by definition is not correlated to K, values as well asthe concentrations after contact
with soil (the denominator of the K, term).

A matrix of the correlation coefficients for the parameters included in the data set containing K,
values determined in experiments with only soils is presented in Table D.4. As mentioned above
(Table D.2), the reports in which soil was used for the K; measurements tended to have little
supporting data about the agueous and solid phases. Consequently, there was little information
for which to base correlations. This occasionally resulted in correlations that were not
scientifically meaningful. For example, the correlation between CEC and cesum K, was -0.83,
for only 11 observations (10 degrees of freedom). The negative sign of this correlation
contradicts commonly accepted principles of surface chemistry.
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TableD.3. Correlation coefficients (r) of the cesum K, value data set that
included soils and pure mineral phases. [Data set is presented in

Section D.3.]
Cesum | Clay Mica pH CEC |SurfaceArea
Ky Content
Cesium K, 1.00
Clay Content 0.05 1.00
Mica 0.29 0.00 1.00
pH 0.10 -0.11 0.08 1.00
CEC 0.52% 0.64% NA 0.37 1.00
Surface Area 0.42° 0.35 NA -0.11 0478 1.00
[Csl -0.07 0.85° 0.29 0.13 -0.17 -0.15

a Correlation coefficient is significant at the 5% level of significance (P < 0.05).

TableD.4. Correlation coefficients (r) of the soil-only data set. [Dataset is
presented in Section D.4.]

Cesum | Clay Mica pH CEC |SurfaceArea
Ky Content
Cesium K, 1.00
Clay Content -0.21 1.00
Mica 0.27 0 1.00
pH 0.11 0.4 0.07 1.00
CEC -0.83 NA 0.99" 0.05 1.00
Surface Area -0.31 NA 0.99" -0.03 0.37 1.00
[Csl,, 0.18 NA 0.09 -0.04 0.00 0

! Correlation coefficient is significant at >5% level of significance (P < 0.05).
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The high correlations between mica concentrations and CEC (r = 0.99) and mica concentrations
and surface area (r = 0.99) are somewhat misleading in the fact that both correlations represent
only 4 data points collected from 1 study site in Fontenay-aux-Roses in France (Legoux et al.,
1992).

D.2.2 Cesium Adsorption as a Function of CEC and pH

Akiba and Hashimoto (1990) showed a strong correlation between cesium K values and the CEC
of alarge number of soils, minerals, and rock materials. The regression equation generated from
their study was.

log (CsK,) =1.2+ 1.0log (CEC) (D.1)

A similar regression analysis using the entire data set (mineral, rocks, and soils) is presented in
Figure D.1.
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FigureD.1. Relation between cesum K, values and CEC.
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By transposing the CEC and cesium K, data into logarithms, the regression correlation slightly
increases from 0.52 (Table D.3) to 0.60 (Figure D.1). However, a great amount of scatter in the
data can still be seen in the logarithmic transposed data. For instance, at |og(CEC) of 0.25, the
cesum K, values range over 4 orders of magnitude. It isimportant to note that the entire cesium
K, data set only varies 5 orders of magnitude. Thus, the correlation with CEC, although the
strongest of all the independent variables examined, did not reduce greatly the variability of
possible cesum K, values.

D.2.3 CEC asa Function of Clay Content and pH

Because CEC values are not aways available to contaminant transport modelers, an attempt was
made to use independent variables more commonly available in the regression analysis. Multiple
regression analysis was conducted using clay content and pH as independent variables to predict
CEC values (Figure D.2). Clay content was highly correlated to CEC (r = 0.64). Soil pH was
not significantly correlated to either CEC or cesium K, values.
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FigureD.2. Relation between CEC and clay content.
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D.2.4 Cesium Adsorption onto Mica-Like Minerals

Cesium adsorption onto mica-like minerals has long been recognized as a non-reversible reaction
(Bruggenwert and Kamphorst, 1979; Comans et al., 1989; Cremerset al., 1988; Douglas, 1989;
Evanset al., 1983; Francis and Brinkley, 1976; Sawhney, 1972; Smith and Comans, 1996;
Tamura, 1972). Thisis an important property in adsorption reactions because 1 of the
assumptions in applying the K, model to describe adsorption is that the rate at which adsorption
occursis equal to the rate at which desorption occurs. This phenomenais referred to as an
adsorption hysteresis. Cesium adsorption onto mica-like mineralsis appreciably faster than its
desorption. The reason for thisis that the cesium ion fits perfectly into the hexagona ring formed
on the tetrahedral sheet in the crystallographic structure of mica-like clays. This perfect fit does
not permit other cations that exist at much greater concentrations in nature to exchange the
cesium from these sites.  This can be demonstrated using the data of Tamura (1972) (Table D.5).
He measured cesium K, values for mica, vermiculite, and kaolinite using awater and 0.1 M NaCl
background solution. For mica, the K, value remained about the same for both solutions. For the
vermiculite and kaolinite, the cesum K, values greatly decreased when the higher ionic strength
solution was used. Thisindicates that the sodium, which existed at 11 orders of magnitude higher
concentration than the cesium could out compete the adsorption of cesium on the vermiculite and
kaolinite but not on the mica. Another point of interest regarding this data set is that the cesium
K4 values do correlate with CEC of these different mineral phases when water is the background
solution. However, when the higher ionic strength solution is used, the correlation with CEC no
longer exists.

Comans et al. (1989) measured cesium K, values of amica (Fithian illite) by desorption and
adsorption experiments. Portions of their data are presented in Table D.6. Cesium K, values
based on desorption experiments are appreciably greater than those measure in adsorption
experiments.

TableD.5. Effect of mineralogy on ceslum exchange. [Data are from Tamura
(1972) who used an initial concentration of dissolved cesium of
1.67x10"2 M ]

Mineral CEC Kqin Water Kq4in 0.1 M NaCl
Phases (meqg/100 g) (ml/g) (ml/g)
Mica 20 26,000 28,600
Vermiculite 127 52,000 2,700
Kaolinite 11.2 2,500 94
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TableD.6. Cesum K, values measured on mica (Fithian illite) via adsorption and
desorption experiments. [Data are from Comans et al. (1989).]

Experimental Conditions Adsorption Desor ption
Cesium K Cesium K
K-saturated Mica, 7x10° M Cs 2,890 5,200
K-saturated Mica, 2x107 M Cs 9,000 11,300
Ca-saturated Mica, 7x10° M Cs 1,060 4,600
Ca-saturated Mica, 2x107 M Cs 600,000 1,050,000

Essentidly all K, values reported in the literature are measured using adsorption experiments.
Thus, in the case of soils containing mica-like soils, using adsorption K values will likely
overestimate the degree to which desorption will occur. To account for this differencein
adsorption and desorption, one could artificially increase the K, values used in a transport code
when cesium is desorbing from contaminated soil.

D.2.5 Cesium Adsorption as a Function of Dissolved Cesium Concentrations

At very low concentrations, the adsorption isotherm for cessum islinear. The linear range varies
dependent on the adsorbing phase and on the background aqueous phase (Akiba et al., 1989;
Sposito, 1989). Table D.7 provides the linear range of some Freundlich adsorption isotherm data
reported in the literature. The upper limit of the linear range varies by several orders of
magnitude depending on the solid phase and aqueous chemistry. The lowest upper limit reported
inTableD.7is1x 10 M cesium. Thisisin fact arather high concentration when compared to
those found in groundwater plumes. For instance, the highest reported **’Cs concentration in the
groundwaters beneath the Hanford Site in 1994 was 1.94 x 10** M (or 2,310 pCi/l) for Well 299
E-28-23 (Hartman and Dresel, 1997). Thisis several orders of magnitude below the smallest
upper limit reported in Table D.7, suggesting that most far-field radioactive cesium adsorption
likely follows alinear isotherm. The smple K, value describes a linear isotherm.
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TableD.7. Approximate upper limits of linear range of adsorption isotherms on various

solid phases.
Upper Limit of Solid Phase Background Reference
Linear Range (M) Aqueous Phase

1x 10’ Itado Tuff Deionized Water  [Akidaet al., 1989
1x10™ Sandstone Deionized Water ~ [Akidaet al., 1989
5x 10° Limestone Deionized Water  [Akidaet al., 1989
1x 10" Augite Andesite Deionized Water  [Akidaet al., 1989
5x 10° Olivine Basdlt Deionized Water  |Akidaet al., 1989
1x10°® Rokko Granite Deionized Water ~ |Akidaet al., 1989
5x 1078 Biotite Deionized Water  |Akidaet al., 1989
5x 107 Albite Deionized Water  [Akidaet al., 1989
1x10° K-Feldspar Deionized Water  [Akidaet al., 1989
1x 10" Unwashed Kaolinite | Distilled Water/pH 10 [Adeleyeet al., 1994
<1x10° CaMontmorillonite | Distilled Water/pH 10 |Adeleye et al., 1994
<1x10° Na Montmorillonite | Distilled Water/pH 10 |Adeleye et al., 1994
<1x10° Na Kaolinite Digtilled Water/pH 10 [Adeleyeet al., 1994
1x 103 NaMontmorillonite | Distilled Water/pH 4 |Adeleyeet al., 1994

When awider range of cesium concentrations are considered, cesium adsorption onto soils and
pure minerals has been reported to be almost without exception a non-linear relationship (Adeleye
et al., 1994; Akibaet al., 1989; Ames et al., 1982; Erten et al., 1988; Konishi et al., 1988; Lieser
and Staunton, 1994; Steinkopff, 1989; Torstenfelt et al., 1982). Most investigators have used a
Freundlich equation to describe this relationship (Adeleye et al., 1994; Konishi et al., 1988; Shiao
et al., 1979; Staunton, 1994; Torstenfelt et al., 1982). The Freundlich equation is

CSabsorbed =a (Cssolution)b (D2)
where Cs, o rmes aNd CSy4i0n @€ the cesium concentrations adsorbed and in solution, respectively,

and aand b are fitting parameters. A short description of those Freundlich Equation reported in
the literature are presented in Table D.8. The descriptive statistics of the Freundlich Equations
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reported in Table D.8 are described in Table D.9. A plot of available cesium adsorption versus
equilibrium cesium solution concentration is shown in Figure D.3.

105 ] | | | | | | | |
10k o
e ) :
z 1FS8 o3
o ' 8 ]
bj 10 | H & o -
@) OZ 5
.
10'ESg 8 8.
100 i 1 1 1 1 1 1 1 1
0 02 04 06 08 1 12 14 16
Solution Cs ( umol/l)

Figure D.3. K, values calculated from an overall literature
Freundlich equation for cesium (Equation D.2).
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Table D.8. Freundlich equationsidentified in literature for cesum.

al bt Range of Solution Cs Experimental Ref. 2
Concentration (M)

1.7 0.677 Water/Batcombe Sediment 1
3,300 0.909 Water/Denchworth Sediment 1
260 0.841 Water/Tedburn Sediment 1
16 0.749 Water/Teigngrace Sediment 1
12.2 0.745 1x10°® to 1x10™*2 Water/Batcombe Sediment 1
6,070 0.899 1x10°® to 1x10™*2 Water/Denchworth Sediment 1
1,290 0.849 1x10°® to 1x10™*2 Water/Tedburn Sediment 1
163 0.815 1x10°® to 1x10™*2 Water/Teigngrace Sediment 1
1.23 0.657 1x10°® to 1x10™*2 CaCl,/Batcombe Sediment 1
0.63 0.659 CaCl,/Batcombe Sediment 1
427 0.814 1x10°® to 1x10™*2 CaCl,/Denchworth Sediment 1
15 0.599 CaCl,/Denchworth Sediment 1
48.1 0.754 1x10°® to 1x10™*2 CaCl,/Tedburn Sediment 1
17 0.739 CaCl,/Tedburn Sediment 1
5.22 0.702 1x10°® to 1x10™* CaCl,/Teigngrace Sediment 1
4.4 0.716 CaCl,/Teigngrace Sediment 1
0.22 1.1 1x10° to 1.5x10% Bentonite/Water 2
0.017 0.53 1x10° to 1.5x10% Bentonite/Water 2
0.13 1 1x10° to 1.5x10% Bentonite/Groundwater 2
0.048 0.67 1x10° to 1.5x10% Bentonite/Groundwater 2
5.10x10* 0.21 1x10° to 1.5x10? Takadata L oam/Water 2
3.00x10° 0.48 1x10° to 1.5x10? Takadata L oam/Groundwater 2
1.30x10° 0.013 1x10° to 1.5x10% Hachinohe Loam/Water 2
2.30x10° 0.38 1x10° to 1.5x10? Hachinohe L oam/Groundwater 2

D.13




al b! Range of Solution Cs Experimental Ref. 2
Concentration (M)
2.70x10* 0.546 1x10° to 1x10 Unwashed/K aolinite/pH 2 3
5.20x10* 0.543 1x10° to 1x10 Unwashed/K aolinite/pH 4 3
2.04x10° 0.588 1x10° to 1x10 Unwashed/K aolinite/pH 10 3
2.27x10° 0.586 1x10°% to 1x10 Sodium/Kaolinite/pH 2 3
5.04x10? 0.723 1x10°% to 1x10 Sodium/Kaolinite/pH 4 3
3.49x10 0.703 1x10°% to 1x10 Na/Kaolinite/lpH 7 3
0.235 0.821 1x10°% to 1x10 Na/Kaolinite/pH 10 3
3.03x10? 0.804 1x10°% to 1x10 CalKaolinite/pH 2 3
0.135 0.845 1x10° to 1x10 CalKaolinite/pH 4 3
0.247 0.881 1x10°% to 1x10 CalKaolinite/pH 7 3
8.71x103 0.694 1x10°% to 1x10 Ca/Kaolinite/pH 10 3
1.02x10* 0.503 1x10°% to 1x10 Na/Montmorillonite/pH 2 3
1.05x107? 0.709 1x10°% to 1x10 Na/Montmorillonite/pH 4 3
3.17x10* 0.755 1x10°% to 1x10 Na/Montmorillonite./pH 7 3
0.224 0.815 1x10°% to 1x10 Na/Montmorillonite/pH 10 3
0.241 0.839 1x10°% to 1x10 Ca/Montmorillonite/pH 2 3
0.481 0.897 1x10°% to 1x10 Ca/Montmorillonite/pH 4 3
1.84 0.938 1x10°% to 1x10 Ca/Montmorillonite/pH 7 3
0.274 0.82 1x10°% to 1x10 Ca/Montmorillonite/pH 10 3
3.40x10? 0.51 1x107 to 1x10° Granite/pH 8.2 4
4.90x10? 0.5 1x107 to 1x10 Granite/pH 8.2 4
4.00x10% 0.5 5

! Parameters“a’ and “b” are fitting parameters in the Freundlich equation.
2 References: 1 = Fukui, 1990; 2 = Konishi et al., 1988; 3 = Adeleye et al., 1994; 4 = Serne et
al., 1993; 5= Shiao et al., 1979.
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TableD.9. Descriptive statistics of the cesum Freundlich equations (Table D.8)
reported in the literature.

Statistic a b

Mean 252 0.696
Standard Error 150.2 0.029
Median 0.222 0.720
Mode NA 0.815
Standard Deviation 1019 0.198
Sample Variance 1038711 0.039
Range 6070 1.087
Minimum 0.000013 0.013
Maximum 6070 11

95% Confidence Level 302 0.059

Using the medians of the aand b parameters from the literature, we come up with the overall
eguation:

Csadsorbed = 0'222(C590Iution)0.720 (D3)

Thisequation is plotted in Figure D.4. Using CS,;qeq @Nd CSyui0n from equation D.3, aK, value
can be calculated according to equations D.4,

Kd = Csadsorbed/CSsolution. (D4)

Cesium K values calculated from Equations D.3 and D.4 are presented in Figure D.5.

D.15



—
(=]
&

._.
o
o

y= 0222(X) 0.720

—_ —_

- [aw} o
Ll [ '
(=] k=) oo

(s adsorbed (mol/g)

—

o
—
ol

-12 1 1 1 1 1 1 1

10" 107" 10" 10" 10" 10 10° 107
Solution Cs (mol/l)

Figure D.4. Generalized cesium Freundlich equation
(Equation D.3) derived from the literature.

1000 AL I L IR |

—
o
(@]

Cs-K J (ml/g)

—
o

1 ol gl
107 10° 10°
Solution Cs (mol/l)

107

10° 10°

Figure D.5. Cesum K values calculated from generalized
Freundlich equation (Equations D.3 and D.4)
derived from the literature.

D.16




D.2.6 Approach to Selecting K, Values for Look-up Table

Linear regression analyses were conducted with data collected from the literature. These analyses
were used as guidance for selecting appropriate K, values for the look-up table. The K, values
used in the look-up tables could not be based entirely on statistical consideration because the
statistical analysis results were occasionally nonsensible. For example, the data showed a negative
correlation between pH and CEC, and pH and cesium K, values. These trends contradict well
established principles of surface chemistry. Instead, the statistical analysis was used to provide
guidance as to the approximate range of values to use and to identify meaningful trends between
the cesium K values and the solid phase parameters. Thus, the K, values included in the look-up
table were in part selected based on professional judgment. Again, only low-ionic strength
solutions, such as groundwaters, were considered; thus no solution variables were included.

Two look-up tables containing cesum K, values were created. The first tableis for systems
containing low concentrations (i.e., less than about 5 percent of the clay-size fraction) of mica-like
minerals (Table D.10). The second table is for systems containing high concentrations of mica-
like minerals (Table D.11). For both tables, the user will be able to reduce the range of possible
cesum K, values with knowledge of either the CEC or the clay content.

The following steps were taken to assign values to each category in the look-up tables. A relation
between CEC and clay content was established using data presented in this section. Three CEC
and clay content categories were selected. The limits of these categories were arbitrarily
assigned. The central estimates for the <5 percent micalook-up table (Table D.10) were
assigned using the CEC/cesium K, equation in Figure D.1. The central estimates for the >5
percent mica look-up table (Table D.11) were assigned by multiplying the central estimates from
Table D.10 by afactor of 2.5. The 2.5 scaler was selected based on relationships existing in the
valuesinthe dataset and in Table D.6. Finally, the lower and upper limits for these centra
estimates were estimated based on the assumption that there was 2.5 orders of magnitude
variability associated with the central estimates. The variability was based on visual inspection of
anumber of figures containing the cesium K, values, including Figure D.1.

The calculations and equations used to estimate the central, minimum, and maximum estimates
used in the look-up tables are presented in Table D.12.
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TableD.10. Estimated range of K, values (ml/g) for cesium based on CEC or clay content for
systems containing <5% mica-like mineralsin clay-size fraction and <10° M
agueous cesium. [Table pertains to systems consisting of natural soils (as opposed
to pure mineral phases), low ionic strength (< 0.1 M), low humic material
concentrations (<5 mg/l), no organic chelates (such as EDTA), and oxidizing
conditions]

CEC (meg/100 g) / Clay Content (wt.%)
K4 (ml/g) <3/<4 3-10/4-20 10-50/ 20 - 60
Centrad 200 500 1,500
Minimum 10 30 80
Maximum 3,500 9,000 26,700

TableD.11. Estimated range of K, values (ml/g) for cesium based on CEC or clay content for
systems containing >5% mica-like mineralsin Clay-size fraction and <10° M
agueous cesium. [Table pertains to systems consisting of natural soils (as opposed
to pure mineral phases), low ionic strength (< 0.1 M), low humic material
concentrations (<5 mg/l), no organic chelates (such as EDTA), and oxidizing
conditions.]

CEC (meg/100 g) / Clay Content (wt.%)
K4 (ml/g) <3/<4 3-10/4-20 10-50/ 20 - 60
Centrad 500 1250 3750
Minimum 30 70 210
Maximum 9,000 22,000 66,700
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Table D.12. Calculationsfor values used in look-up table.

Mica

) Logarithm Scale Base-10 Scale
Concentration Clay
in Clay Fraction | Content | CE! Lower Limit | Lower Limit Upper Limit

(%) (Wt.%) | (ml/g) | LogCE | (Log CE)/2 | 100%9C®"2 (m|/g) |10'°9CE*aCEV2 (m]/q)
<5 <4 200 2.301 1151 14 2,828

<5 4-20 500 2.699 1.349 22 11,180

<5 20-60 | 1,500 3.176 1.588 39 58,095

>5 <4 500 2.699 1.349 22 11,180

>5 4-20 1,250 3.097 1.548 35 44,194

>5 20-60 | 3,750 3.574 1.787 61 229,640

! CE = Central Estimate
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D.3.0 K, Data Set for Soilsand Pure Mineral Phases

Table D.13 lists the available cesum K, values identified for experiments conducted with soils and
pure mineral phases.

TableD.13. Cesium K, data base for soils and pure mineral phases

Cesum | Clay | Mica | pH CEC? SA! | AqueousCs Background Soil and Mineral | Ref 2
Kd — fwto% | (%) (meg/100 g) |(m?/g) (UM) Aqueous Phase D and
(ml/g) ) Information
247 6.2 1.90x10? |Gorleben Gorleben Sediment 1
Groundwater
62 6.2 1.42x10* Gorleben Sediment 1
22 6.2 5.94x10* Gorleben Sediment 1
16 6.2 1.05 Gorleben Sediment 1
12 6.2 153 Gorleben Sediment 1
167 8.1 189 5.20x10° |Groundwater-1 S1: Quartz, 2
Kaolinite,
Plagioclase
1 7.8 113 5.20x10° |Groundwater-2 S2:Quartz, 2
Kaolinite, Dolomite
1500 9.3 60 70 1.00x10*  |Water pH 9.3 Bentonite 3
160 2.4 60 70 1.00x10*  |Groundwater Bentonite 3
pH 2.4
1100 9.3 60 70 1.00x10*  |Groundwater Bentonite 3
pH 9.3
4100 6.1 20 130 1.00x10*  |Water pH 6.1 Takadate loam 3
1400 7.7 20 130 1.00x10"  |Groundwater Takadate |oam 3
pH 7.7
1100 6.6 70 60 1.00x10t  |Water pH 6.6 Hachinohe loam 3
280 8.3 70 60 1.00x10*  |Groundwater Hachinohe loam 3
pH 8.3
237 8.2 2 22 1.00x10°% ym-22 4
8220 8.2 109 103 1.00x10°% ym-38 4
325 8.2 6 43 1.00x10°% ym-45 4
22100 8.2 51 19 1.00x10°% ym-48 4
35800 8.2 107 1.00x10°% ym-49 4
42600 8.2 107 1.00x10°% ym-49 4
205 8.2 4 1.00x10° ym-54 4
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Cesum | Clay | Mica | pH CEC? SA! | AgqueousCs Background Soil and Mineral | Ref 2
(r};ﬂg) (Wt) % | (%) (meg/100 g) |(m?/g) (UM) Aqueous F;:?jﬁ:&?::
15200 8.4 31 1.00x10° |low salts JA-18 4
8440 8.3 31 1.00x10° |hi salts JA-18 4
143 8.2 8 1.00x10° |low salts JA-32 4
73 85 8 1.00x10° |hi salts JA-32 4
1390 8.4 100 1.00x10° |low salts JA-37 4
757 85 100 1.00x10° |hi salts JA-37 4
95 15 4 4.20x10* [0.005 M Na Savannah River 5
120 15 55 4.20x10* [0.005 M Na Savannah River 5
130 15 6.7 4.20x10* [0.005 M Na Savannah River 5
130 15 7 4.20x10* [0.005 M Na Savannah River 5
150 15 85 4.20x10* [0.005 M Na Savannah River 5
160 15 10.2 4.20x10* [0.005 M Na Savannah River 5
72 3 4 4.20x10* [0.005 M Na 4-Mile Creek 5
79 3 55 4.20x10* |0.005 M Na 4-Mile Creek 5
75 3 6.7 4.20x10* |0.005 M Na 4-Mile Creek 5
98 3 7 4.20x10* [0.005 M Na 4-Mile Creek 5
83 3 85 4.20x10* |0.005 M Na 4-Mile Creek 5
33 4 4 4.20x10* [0.005 M Na Par Pond Soil 5
37 4 55 4.20x10* |0.005 M Na Par Pond Soil 5
40 4 7 4.20x10* |0.005 M Na Par Pond Soil 5
39 4 85 4.20x10* [0.005 M Na Par Pond Soil 5
50 4 10.2 4.20x10* |0.005 M Na Par Pond Soil 5
27 2 4 4.20x10* |0.005 M Na Steel Creek Soil 5
25 2 55 4.20x10* |0.005 M Na Steel Creek Soil 5
26 2 6.7 4.20x10* |0.005 M Na Steel Creek Soil 5
26 2 7 4.20x10* |0.005 M Na Steel Creek Soil 5
38 2 85 4.20x10* |0.005 M Na Steel Creek Soil 5
39 2 10.2 4.20x10* |0.005 M Na Steel Creek Soil 5
88 4 4 4.20x10* [0.005 M Na Lower 3 Runs Soil 5
92 4 55 4.20x10* [0.005 M Na Lower 3 Runs Soil 5
93 4 6.7 4.20x10* [0.005 M Na Lower 3 Runs Soil 5
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Cesum | Clay | Mica | pH CEC? SA! | AgqueousCs Background Soil and Mineral | Ref 2
Kd  fwto% | (%) (meg/100 g) |(m?/g) (UM) Aqueous Phase D and
(ml/g) ) Information
85 4 7 4.20x10* ]0.005 M Na Lower 3 Runs Soil 5
94 4 8.5 4.20x10* ]0.005 M Na Lower 3 Runs Soil 5
101 4 10.2 4.20x10* ]0.005 M Na Lower 3 Runs Soil 5
88 5 4 4.20x10* ]0.005 M Na Pen Branch Soil 5
89 5 55 4.20x10* ]0.005 M Na Pen Branch Soil 5
90 5 6.7 4.20x10* ]0.005 M Na Pen Branch Soil 5
84 5 7 4.20x10* ]0.005 M Na Pen Branch Soil 5
101 5 10.2 4.20x10* ]0.005 M Na Pen Branch Soil 5
22 2 4 4.20x10* |0.005 M Na Upper 3 Runs Sail 5
31 2 5.5 4.20x10* |0.005 M Na Upper 3 Runs Sail 5
37 2 6.7 4.20x10* |0.005 M Na Upper 3 Runs Sail 5
40 2 7 4.20x10* ]0.005 M Na Upper 3 Runs Sail 5
78 2 10.2 4.20x10* |0.005 M Na Upper 3 Runs Sail 5
27 8.25 1.83 17.7 2.72x10> |0.002 M Umtanum Basalt 6
Groundwater
329 8.25 1.83 17.7 2.90x10* ]0.002 M Umtanum Basalt 6
Groundwater
960 8.25 1.83 17.7 1.03x10° 10.002 M Umtanum Basalt 6
Groundwater
1088 8.25 1.83 17.7 9.11x10° |0.002 M Umtanum Basalt 6
Groundwater
1084 8.25 1.83 17.7 1.87x10% 10.002 M Umtanum Basalt 6
Groundwater
28 8.6 1.83 17.7 2.63x10> |0.013 M Umtanum Basalt 6
Groundwater
289 8.6 1.83 17.7 3.31x10* |0.013 M Umtanum Basalt 6
Groundwater
951 8.6 1.83 17.7 1.05x10° 0.013 M Umtanum Basalt 6
Groundwater
1022 8.6 1.83 17.7 9.77x10°¢ |0.013 M Umtanum Basalt 6
Groundwater
1025 8.6 1.83 17.7 1.95x10% 0.013 M Umtanum Basalt 6
Groundwater
18 8.2 15 10.3 3.61x10> |0.002 M Flow E Basalt 6
Groundwater
189 8.2 15 10.3 5.00x10* ]0.002 M Flow E Basalt 6
Groundwater
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Cesum | Clay | Mica | pH CEC? SA! | AgqueousCs Background Soil and Mineral | Ref 2
Kd  fwto% | (%) (meg/100 g) |(m?/g) (UM) Aqueous Phase D and
(ml/g) ) Information
418 8.2 15 10.3 2.34x10°  |0.002 M Flow E Basalt 6
Groundwater
450 8.2 15 10.3 2.17x10°  |0.002 M Flow E Basalt 6
Groundwater
487 8.2 15 10.3 3.98x10°¢ |0.002 M Flow E Basalt 6
Groundwater
20 8.7 15 10.3 3.39x10> |0.013 M Flow E Basalt 6
Groundwater
214 8.7 15 10.3 4.47x10* |0.013 M Flow E Basalt 6
Groundwater
488 8.7 15 10.3 2.00x10° |0.013 M Flow E Basalt 6
Groundwater
549 8.7 15 10.3 1.78x10° [0.013 M Flow E Basalt 6
Groundwater
617 8.7 15 10.3 3.24x10°¢ |0.013 M Flow E Basalt 6
Groundwater
48 8.3 484 31.2 1.71x10> [0.002 M Pomona Basalt 6
Groundwater
460 8.3 4.84 31.2 2.13x10*  |0.002 M Pomona Basalt 6
Groundwater
1111 8.3 4.84 31.2 8.30x10* |0.002 M Pomona Basalt 6
Groundwater
1466 8.3 4.84 31.2 6.37x10°¢ |0.002 M Pomona Basalt 6
Groundwater
1281 8.3 4.84 31.2 1.39x10° 10.002 M Pomona Basalt 6
Groundwater
56 8.55 4.84 31.2 1.51x10> [0.013 M Pomona Basalt 6
Groundwater
389 8.55 4.84 31.2 2.57x10* |0.013 M Pomona Basalt 6
Groundwater
853 8.55 4.84 31.2 1.17x10° 0.013 M Pomona Basalt 6
Groundwater
952 8.55 4.84 31.2 1.05x10° [0.013 M Pomona Basalt 6
Groundwater
908 8.55 4.84 31.2 1.74x10% 0.013 M Pomona Basalt 6
Groundwater
212 8.3 71 646 450x10* |0.002 M Smectite 6
Groundwater
1080 8.3 71 646 9.17x10* |0.002 M Smectite 6
Groundwater
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Cesum | Clay | Mica | pH CEC? SA! | AgqueousCs Background Soil and Mineral | Ref 2
Kd  fwto% | (%) (meg/100 g) |(m?/g) (UM) Aqueous Phase D and
(ml/g) ) Information
13042 8.3 71 646 7.66x10° |0.002 M Smectite 6
Groundwater
9794 8.3 71 646 1.00x10® 10.002 M Smectite 6
Groundwater
25000 8.3 71 646 7.00x10® |0.002 M Smectite 6
Groundwater
224 9.2 71 646 4.27x10 |0.013 M Smectite 6
Groundwater
2136 9.2 71 646 4.68x102 |0.013M Smectite 6
Groundwater
5882 9.2 71 646 1.70x10* [0.013 M Smectite 6
Groundwater
8547 9.2 71 646 1.17x10® [0.013 M Smectite 6
Groundwater
8333 9.2 71 646 2.40x107 |0.013 M Smectite 6
Groundwater
5000 24 4.4 82 6.80x102 [1x10°M KCI Batcombe 7
5000 24 4.4 82 6.80x102 [1x10°M KCI Batcombe 7
4700 24 4.4 82 6.80x102 [1x10* M KCI Batcombe 7
2000 24 4.4 82 6.80x102 [1x10°M KCI Batcombe 7
9000 42 6.2 72 6.80x102 [1x10°M KCI Tedburn 7
8000 42 6.2 72 6.80x102 [1x10°M KCI Tedburn 7
9000 42 6.2 72 6.80x102 [1x10“* M KCI Tedburn 7
2000 42 6.2 72 6.80x102 [1x103M KCI Tedburn 7
1050 42 7.3 54 6.80x102 [1x10°M KCI Teigngrace 7
1025 42 7.3 54 6.80x102 [1x10°M KCI Teigngrace 7
1000 42 7.3 54 6.80x102 [1x10* M KCI Teigngrace 7
800 42 7.3 54 6.80x102 [1x10°M KCI Teigngrace 7
11000 130 1.00x107  |Water Itago Tuff 8
10000 97 1.00x107  |Water Ohya Tuff 8
5000 24 1.00x107  |Water Sandstone 8
2000 19 1.00x107 |Water Shale 8
6000 1.9 1.00x107  |Water Augite Audesite 8
500 1.2 1.00x107  |Water Plagio Rhyoalite 8
5800 0.75 1.00x107  |Water Olivine Basalt 8
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Cesum | Clay | Mica | pH CEC? SA! | AgqueousCs Background Soil and Mineral | Ref 2
(r};ﬂg) (Wt) % | (%) (meg/100 g) |(m?/g) (UM) Aqueous F;:?jﬁ:&?::

900 0.54 1.00x107  |Water lonada Granite 8
260 0.35 1.00x107 |Water Rokka Granite 8
80 0.033 1.00x107 |Water Limestone 8
2200 12 1.00x107 |Water Biotite 8
1800 0.93 1.00x107 |Water Chlorite 8
630 0.33 1.00x107 |Water Hornblende 8
420 0.11 1.00x107 |Water Grossular 8
460 0.0067 1.00x107 |Water Forsterite 8
30 0.0034 1.00x107  |Water K-feldspar 8
89 0.0032 1.00x107  |Water Albite 8
31 0.00098 1.00x107 |Water Quartz 8
1 0.15849 1.00x10* Calcite 9

3 0.19953 1.00x10* Apatite 9

6 1.58489 1.00x10* Hematite 9
13 1.77828 1.00x10* Orthoclase 9
16 5.62341 1.00x10* Serpentine 9
200 7.94328 1.00x10* Hornblende 9
631 39.8107 1.00x10* Biotite 9
794 63.0957 1.00x10* Muscovite 9
100 4.46684 1.00x10* Gneiss 9
16 6.30957 1.00x10* Diabase 9
158 10 1.00x10* Stripa Granite 9
562 11.2202 1.00x10* Fingo Granite 9
900 5 1.00x10* Biotite 9
790 7 1.00x10* Biotite 9
700 9 1.00x10* Biotite 9
2 5 1.00x10* Hematite 9

4 7 1.00x10* Hematite 9

8 9 1.00x10* Hematite 9
40 5 1.00x10* Hornblende 9
100 7 1.00x10* Hornblende 9
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Cesum | Clay | Mica | pH CEC? SA! | AgqueousCs Background Soil and Mineral | Ref 2
(r};ﬂg) (Wt) % | (%) (meg/100 g) |(m?/g) (UM) Aqueous F;:?jﬁ:&?::
240 9 1.00x10* Hornblende 9
3 5 1.00x10* Magnetite 9
5 7 1.00x10* Magnetite 9
9 9 1.00x10* Magnetite 9
700 5 1.00x10* Muscovite 9
810 7 1.00x10* Muscovite 9
840 9 1.00x10* Muscovite 9
7 5 1.00x10* Orthoclase 9
14 7 1.00x10* Orthoclase 9
7 9 1.00x10* Orthoclase 9
52000 127 1.67x10° |Deionized Water  |Vermiculite 10
26000 20 1.67x10° |Deionized Water  |lllite 10
2500 112 1.67x10° |Deionized Water  |Kaolinite 10
2700 127 1.67x10% ]0.1 N NaCl Vermiculite 10
28600 20 1.67x10° |0.1 N NaCl Ilite 10
o4 112 1.67x10% ]0.1 N NaCl Kaolinite 10
7 1.00x107  |Groundwater Hanford Vadose 11
Sediment
12 1.00x107  |Groundwater Hanford Vadose 11
Sediment
2190 4 9 7.7 8.40x10°  |Groundwater Sediment CGS-1 12
7610 5 12 8.2 8.40x10°  |Groundwater Sediment TBS-1 12
620 6 9 7.9 8.40x10°  |Groundwater Sediment Trench-8 12

! CEC = cation exchange capacity; SA = surface area.

2 References: 1 = Lieser and Steinkopff, 1989; 2 = Lieser et al., 1986; 3 =Konishi et al., 1988; 4 = Vine et al., 1980;
5= Elprinceet al., 1977; 6 = Ames et al., 1982; 7 = Staunton, 1994; 8 = Akiba et al., 1989; 9 = Torstenfelt et al., 1982;

10 = Tamura, 1972; 11 = Routson et al., 1980; 12 = Serne et al., 1993.
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D.4.0 Data Set for Soils

Table D.14 lists the available cesum K, values identified for experiments conducted with only

soils.
TableD.14. Cesum K, data set for soilsonly.
Cesium | Clay | Mica pH CEC®@ SAL Cs Aqueous Soil ID Ref 2
Kyq (wt%)| (%) (meg/100 | (m%g) (UM) Phase and Information
(ml/g) 9)
247 6.2 1.90x102 |Gorleben Gorleben Sediment 1
Groundwater
62 6.2 1.42x10* Gorleben Sediment 1
22 6.2 5.94x10* Gorleben Sediment 1
4100 6.1 20 130 1.00x10? [Water pH 6.1 |Takadate Loam 4
1400 7.7 20 130 1.00x10" |Groundwater |Takadate Loam 4
pH 7.7
1100 6.6 70 60 1.00x10? [Water pH 6.6 |Hachinohe Loam 4
280 8.3 70 60 1.00x10" |Groundwater |Hachinohe loam 4
pH 8.3
95 15 4 4.20x10* ]0.005 M Na Sav. River Site 6
Sediment
120 15 55 4.20x10* ]0.005 M Na Sav. River Site 6
Sediment
130 15 6.7 4.20x10* ]0.005 M Na Sav. River Site 6
Sediment
130 15 7 4.20x10* ]0.005 M Na Sav. River Site 6
Sediment
150 15 8.5 4.20x10* ]0.005 M Na Sav. River Site 6
Sediment
160 15 10.2 4.20x10* ]0.005 M Na Sav. River Site 6
Sediment
72 3 4 4.20x10* ]0.005 M Na 4-Mile Creek Sediment| 6
79 3 55 4.20x10* ]0.005 M Na 4-Mile Creek Sediment| 6
75 3 6.7 4.20x10* ]0.005 M Na 4-Mile Creek 6
Sediment.
98 3 7 4.20x10* 0.005 M Na 4-Mile Creek 6
Sediment.
83 3 8.5 4.20x10* 0.005 M Na 4-Mile Creek 6
Sediment.
33 4 4 4.20x10* ]0.005 M Na Par Pond Soil 6
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Cesium | Clay | Mica pH CEC®@ SAl Cs Aqueous Soil ID Ref 2
Kyq (wt%)| (%) (meg/100 | (m%g) (UM) Phase and Information
(ml/g) 9)
37 4 55 4.20x10* ]0.005 M Na Par Pond Soil 6
40 4 7 4.20x10* |0.005 M Na Par Pond Soil 6
39 4 85 4.20x10* ]0.005 M Na Par Pond Soil 6
50 4 10.2 4.20x10* ]0.005 M Na Par Pond Soil 6
27 2 4 4.20x10* ]0.005 M Na Steel Creek Soil 6
25 2 55 4.20x10* ]0.005 M Na Steel Creek Soil 6
26 2 6.7 4.20x10* ]0.005 M Na Steel Creek Soil 6
26 2 7 4.20x10* ]0.005 M Na Steel Creek Soil 6
38 2 85 4.20x10* ]0.005 M Na Steel Creek Soil 6
39 2 10.2 4.20x10* ]0.005 M Na Steel Creek Soil 6
88 4 4 4.20x10* ]0.005 M Na Lower 3 Runs Soil 6
92 4 55 4.20x10* ]0.005 M Na Lower 3 Runs 6
Sediment
93 4 6.7 4.20x10* |0.005 M Na Lower 3 Runs 6
Sediment
85 4 7 4.20x10* ]0.005 M Na Lower 3 Runs 6
Sediment
o4 4 85 4.20x10* |0.005 M Na Lower 3 Runs 6
Sediment
101 4 10.2 4.20x10* |0.005 M Na Lower 3 Runs 6
Sediment
88 5 4 4.20x10* |0.005 M Na Pen Branch Soil 6
89 5 55 4.20x10* |0.005 M Na Pen Branch Soil 6
90 5 6.7 4.20x10* |0.005 M Na Pen Branch Soil 6
84 5 7 4.20x10* |0.005 M Na Pen Branch Soil 6
101 5 10.2 4.20x10* |0.005 M Na Pen Branch Soil 6
22 2 4 4.20x10* ]0.005 M Na Upper 3 Runs Sail 6
31 2 5.5 4.20x10* ]0.005 M Na Upper 3 Runs Sail 6
37 2 6.7 4.20x10* ]0.005 M Na Upper 3 Runs Sail 6
40 2 7 4.20x10* ]0.005 M Na Upper 3 Runs Sail 6
78 2 10.2 4.20x10* ]0.005 M Na Upper 3 Runs Soil 6
7 1.00x107 |Groundwater |Hanford Vadose 8
Sediment
12 1.00x107 |Groundwater |Hanford Vadose 8
Sediment
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Cesium | Clay | Mica pH CEC®@ SAl Cs Aqueous Soil ID Ref 2
Kyq (wt%)| (%) (meg/100 | (m%g) (UM) Phase and Information
(ml/g) 9)
3,000 6 7.6 3 8.6 1.00x10" |Groundwater |Sediment A 10
4,800 75 5.9 4.3 12.2 1.00x10* |Groundwater |Sediment B 10
3,100 8 6.6 47 14.7 1.00x10* |Groundwater |Sediment C 10
3,000 5 8 2.6 6.6 1.00x10* |Groundwater |Sediment D 10
2,190 4 9 7.7 8.40x10° |Groundwater |Sediment CGS-1 11
7,610 5 12 8.2 8.40x10° |Groundwater |Sediment TBS-1 11
620 6 9 7.9 8.40x10° |Groundwater |Sediment Trench-8 11
1 CEC = cation exchange capacity; SA = surface area.
2 1 = Lieser and Steinkopff, 1989; 4 = Konishi et al., 1988; 6 = Elprince et al., 1977; 8 = Routson et al., 1980; 10 = Legoux
etal., 1992; 11 = Serneet al., 1993.
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